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Abstract 
Medium temperature collectors will play an important role in the development of process heat applications. 
Nevertheless, the assessment and comparison of collectors based on different technologies is not yet straight forward 
from the information currently provided by most manufacturers. It is shown that it is not possible to draw conclusions 
about the thermal performance of a given collector based on its efficiency curve alone. Therefore a simulation 
program for three different collector technologies was carried out for 995 locations and weather conditions at 8 
working temperature levels ranging from 100 ºC to 310 ºC. After an analysis of the different parameters affecting 
collector performance a novel contour chart format is presented. 
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Nomenclature 
 
QQQ lossesgains  ,,  Heat power gains, losses and net balance 
b1 and b2  Linear and quadratic losses coefficients 
0K    Optical efficiency at normal incidence 
Kt , Kl    Transversal and longitudinal incidence angle modifiers including cosine factor 
endlossK    End loss coefficient 
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DNI   Direct normal irradiance  
A   Aperture area 
1. Introduction 
There is a large potential for the use of solar heat in industrial applications, even though very few 
facilities of this kind are currently in operation compared to other applications. 
Furthermore, most planners usually limit the project scope to those processes with temperatures lower 
than 80 ºC. In this temperature range, flat plate collectors offer a cost competitive, high efficiency 
solution. Therefore, the selection of the most appropriate collector for a given application is practically 
reduced to selecting a collector with a good cost to energy yield ratio at a given temperature.  
This low temperature approach maximizes the energy yield of the collector field, yet it has two main 
drawbacks that are often ignored: first, low temperature levels are usually not compatible with the 
existing heat distribution network of the production plant, and second, many production equipments are 
designed to work with a high temperature energy stream, although they could, in principle, work at lower 
temperature levels. 
Therefore, the installation of low temperature collectors often requires a complete redesign of part of 
the industrial equipment and the construction of an independent heat network for the low temperature 
operated machinery (with its own storage, control and so on). 
1.1. Medium temperature collectors 
In the last few years, some companies have developed concentrating collectors designed specifically 
for process heat applications. Those collectors differ in many aspects from the concentrators used in solar 
thermal power plants, as they have a comparatively reduced size to facilitate building integration and 
optimal space use, and they are usually optimized to operate at temperatures up to 250 ºC. 
The emergence of these new medium temperature collectors opens new opportunities for the use of 
solar thermal energy in industrial establishments. First, because they can supply higher temperature 
demands, and second, because they can co-exist with the installed high temperature heat networks. 
Although the current costs of the new designs are higher and their annual energy yields, in most 
climates, are lower than those of a typical flat plate collector (operated in its optimal temperature range), 
the investment savings associated to the use of the existing heat networks and storage can make the new 
designs a competitive solution. It has to be taken into account that in a typical plant the cost of the 
collector field constitutes only around a 30% of the total investment [1]. 
1.2. Comparison of collectors based on different technologies 
In a first approximation, when dealing with collectors based on the same basic design (as it is the case 
for flat plate collectors), there is a very direct relation between the efficiency value obtained for a given 
collector and its annual energy yield. 
This fact can be observed in figure 1, where the efficiency curves for a radiation of 500 W/m2 and an 
ambient temperature of 20 ºC are compared to the annual energy yield of the same collectors integrated 
for the climate of Palma de Mallorca (Spain).  In those curves, two evacuated tube collectors (EV-1, EV-
2), two parabolic troughs (PT-NE, PR-EV), two Fresnel collectors (FR-1, FR-2) and a fixed mirror solar 
concentrator (FMSC) are compared. When comparing the efficiency curves and the annual energy yield 
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of collectors based on the same technology, it is possible to determine which will have a higher energy 
output by knowing its efficiency value for a given temperature. 
Fig.1. Efficiency curves and annual energy yield for Mallorca (Spain) of different collectors 
Figure 1 also shows the problems one faces when dealing with collectors based on different basic 
designs. For example, despite that the evacuated tube EV-2 has the second lowest efficiency at any 
temperature level, at temperature ranges up to 130 ºC, it is the one with the highest annual energy yield. 
In this case, the differences are mainly due to the ability of the evacuated collectors to capture diffuse 
radiation. The other main factor affecting the collector performance is the large differences on the IAM 
curves of each technology [2]. 
Integrations for other locations and time periods have been conducted, showing the different behaviors 
of the collectors in every case. Therefore, for planners and decision makers, it is impossible to select the 
right collector without conducting exhaustive, time consuming simulations. This is aggravated by the fact 
that different technologies use different testing procedures and efficiency /IAM definitions. 
2. Simulation program 
In many cases, one of the main decision parameters for collector selection is the integrated energy 
output of a typical meteorological year. Thus, a simulation program has been conducted on a set of 995 
locations around the world, from latitude 53ºS to 65ºN, with the aim of determining the annual energy 
yield of different collector types, and attempt to relate this energy yield to the basic annual weather data 
commonly available, such as global average irradiation, or average ambient temperature. It is important to 
note that, although in the present stage the study is limited to linear concentrating collectors, the aim is to 
include non-concentrating and low concentration collectors that can capture diffuse radiation as well as 
direct radiation. Thus the simple approach to relate the energy output to DNI or horizontal beam radiation 
was avoided. 
2.1. Local weather data 
For the simulations, the hourly radiation and temperature data of each location was taken from the 
Energy plus public weather database. Most of these files have been generated from measured Typical 
Meteorological Year data. Hourly data was checked and interpolated with five point splines using 
TRNSYS to obtain the 6 minute data files used in the integrations.  
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For each location: latitude, longitude, global horizontal irradiation, diffuse fraction, DNI, average
temperature and daytime average temperature were recorded.
2.2. Collector equations
Current analysis is restricted to linear concentrating collectors. Thus, thermal losses were estimated by:
)1()()( 221 amamloss TTbTTbA
Q  
Thermal gains have been estimated from DNI by:
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where angles tT and iT are given according to figure 1. Incidence angle iT has been used instead of 
longitudinal incidence angle LT for the computation of the influence of the longitudinal IAM [3]. The 
end losses for the FMSC have been estimated according to [4].
One axis tracking systems, can be easily implemented assuming perfect transversal tracking so that
tT = 0 and Kt = 1 for any sun incidence angle.
No additional system components such as storage tanks or pipes have been included. An ideal control
system with the following capabilities was assumed:
x The maintenance of a constant prescribed average temperature of the heat carrier fluid in the collector
x The avoidance of a negative energy output
Therefore, the net thermal power per unit surface delivered by the collector is be given by:
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Fig. 2. Angles used for the incidence angle modifiers
This power has been integrated over a one year period to obtain the annual integrated results. For each
study case the data displayed in table 1 has been recorded.
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Table 1. Data recorded for each collector and location 
Parameter name  
Index Id of the location 
Energy Annual energy yield per square meter of collector at each working temperature 
Gains Annual thermal gains per square meter of collector  at each working temperature 
Losses Annual thermal losses per square meter of collector at each working temperature  
Working hours  Total time the system was active during the year 
2.3. Cases analyzed  
For the current analysis, three collector technologies have been simulated: 
1. A Fixed Mirror Solar Concentrator, with parabolic reflector and U-pipe evacuated receiver, oriented 
N-S, with a slope of 15º. 
2. A small size parabolic trough, with non evacuated receiver, oriented N-S, with its tracking axis in 
horizontal position. 
3. A Fresnel collector, with power plant grade evacuated receiver, oriented E-W, and horizontal 
aperture plane. 
All three cases are based on existing collectors used in medium temperature applications, and they 
were selected because of their different tracking mechanisms and receiver technologies. 
Nevertheless it is important to point out that the aim of this study is to determine possible 
methodologies for the quick comparison of collectors based on different basic designs, not the 
comparison of actual collectors. Therefore, the results shown do not necessarily reflect the actual 
performance of any real collector. Furthermore, the three collectors were evaluated with only one 
orientation / tilt angle that may not be the ideal ones for all given locations.  
Regarding the working temperatures, all three collectors have been simulated at working temperatures 
ranging from 100 to 310 ºC with steps of 30 ºC. That is: 100, 130, 160, 190, 210, 250, 280 and 310 ºC. 
3. Weather parameters affecting collector performance 
In order to better understand the effects of the different radiation and temperature parameters on the 
collector behavior, the analysis was divided into gains and losses. As the results obtained for the three 
models are very similar, FMSC data is used unless explicitly stated. 
3.1. Gain plots 
According to equation 2, the annual energy output of a given collector will depend on the integral of 
the direct normal irradiance multiplied by the averaged optical efficiency of the collector (including IAM 
factors), as the main sources of variation of the optical efficiency are relative sun / collector angles, and 
these are dependant on collector orientation and latitude, the hypothesis has been made that there will be 
an strong correlation between efficiency related to DNI and latitude. This hypothesis has been confirmed 
by the simulated results shown in figure 3.a. It has also been observed that for fixed aperture collectors 
(FMSC, Fresnel) it is possible to refer efficiency to horizontal beam radiation without a loss of accuracy. 
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Fig. 3. (a) Efficiency of the FMSC vs latitude at 100 ºC (b) Efficiency of the FMSC at 310ºC  
Nevertheless, as can be observed in figure 3.b, as temperature increases the correlation between gains 
and latitude is not as good as at lower temperatures. The main explanation for this fact is that at higher 
working temperatures the time periods where the thermal losses are higher than the gains are longer, as 
are the periods where the system is not in use despite some radiation is available. Indeed, it can be shown 
that there is a strong correlation between annual working hours and average efficiency. Nevertheless, 
working hours is not a parameter that can be determined independently of the collector characteristics. 
Therefore it was investigated to see if there were any other commonly available parameter that could be 
correlated to the efficiency drop observed for some locations, and it was found that such parameter is the 
diffuse fraction, or its complement, the direct fraction (or the ratio of direct horizontal irradiation to 
global horizontal irradiation), as can be observed in figure 4. 
 
 
Fig. 4. Efficiency vs. direct irradiation fraction at 310 ºC for the FMSC 
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3.2. Thermal loss plots 
Thermal losses are mainly related to the difference between the average temperature of the heating 
fluid and the ambient temperature. Nevertheless it is impossible to predict the heat loss using only this 
temperature difference, unless this heat loss is normalized for the working time of the collector. This fact 
can be observed in fig 5: in plot (a) the total annual loss of each location is plotted vs. the average 
temperature difference, while in plot (b) the plot shows the average power losses vs. the same temperature 
difference. 
 
Fig. 5. (a) Annual thermal losses for the FMSC at a working temperature of 310ºC. (b) Same annual thermal losses divided by 
number of working ours 
Again the problem is that working hours is not a commonly available parameter. Nevertheless, for any 
pair of collector – working temperature data points, the working hours are fairly correlated to the 
averaged direct fraction, as can be observed in figure 6.a. Furthermore, when this parameter is combined 
with latitude, an R2 of 95% can be obtained by simple multiple linear regression (figure 6.b). 
 
Fig. 6. (a) Working hours vs direct fraction (b) Working hours vs latitude & direct fraction with minimum squares fitting 
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4. Annual energy yield contours  
In the analysis presented in sections 3 and 4, it has been shown that the three parameters that most 
influence the annual gains and losses of any of the studied collectors are: latitude, working temperature 
and direct fraction. Therefore, at a given working temperature, it seems reasonable to expect a good 
correlation between the annual energy yield and combinations of latitude – direct fraction values. When 
these parameters are plotted together, it is fairly clear that this correlation exists, as can be observed in 
figure 7 where the annual energy yields of the FMSC at a temperature of 190 ºC are plotted for every pair 
of latitude – direct fraction (fBeam) values. 
In order to quantify the quality of the correlation, a multiple linear regression analysis was performed 
using six independent parameters: 
)4(55443322110 xaxaxaxaxaay   
where x1 – x5 correspond to the physical parameters shown in table 2. 
 
Table 2: Parameters used for the multiple linear regression 
Model parameter Physical parameter 
X1 Latitude 
X2 Direct fraction 
X3 Latitude (squared) 
X4 Direct fraction (squared) 
X5 Latitude x Direct fraction 
 
Fig. 7. Annual energy yield at 190ºC of the FMSC collector with a bi-quadratic fitting obtained by multiple linear regression 
In most cases the R2 coefficient obtained is around 97.5% and, remarkably, this figure is obtained 
independently of the working temperature or the technology tested. The only exception to this rule is for 
the highest temperature cases for the non evacuated parabolic trough collector. In this case R2 drops to 
93%. As this collector has a non evacuated receiver, at this temperature range thermal losses are larger 
than energy yield for all sites, indicating that the 310ºC condition falls out of the working range for this 
particular collector.   
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Other fittings using exponential functions or higher level polynomials have been tested although the 
fitting improvements obtained were marginal. 
Three dimensional plots are useful for data analysis and to observe the relations between the different 
parameters. Nevertheless, once these relations have been established, two – dimensional contour charts 
are more useful for quick assessment purposes. In particular iso – energy yield contours plotted on the 
latitude – direct fraction plane for a set of working temperatures provide an excellent tool to quickly 
estimate the energy output of a collector at any given location. Figure 8 shows those contours combined 
with a scatter plot of the actual locations simulated. The location dots are colored with the same scale as 
the contour lines and provide three additional pieces of information: 
x They show what are the realistic direct fractions to expect for a given latitude 
x The coloring of each location allows the assessment of deviations from the average values 
x As positions of each location in the chart are the same for all cases, they serve as reference points 
In figure 8, the charts for two different working temperatures (190 ºC and 250 ºC) are shown for the 
FMSC. Figure 9 shows the annual energy yield of the other two collectors at a temperature of 250 ºC. 
 
 
Fig. 8. (a) Annual energy yield of the FMSC at 190 ºC (b) Annual energy yield of the FMSC at 250 ºC 
 
Fig. 9. (a) Annual energy yield of the non evacuated parabolic trough at 190 ºC (b) Annual energy yield of the Fresnel at 190 ºC 
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5. Conclusions 
Medium temperature collectors must play an important role for the opening of new markets for solar 
thermal energy, such as industrial process heat or solar cooling. 
Some companies have started developing solutions specifically designed for these market segments. 
Those new solutions are often based on new designs and concepts that are difficult to be made a 
comparison amongst them, without conducting expensive and time consuming simulations. 
Therefore, a comprehensive simulation program with 995 locations worldwide was conducted on three 
different linear concentrating collectors, in order to find out what are the best yearly averaged (or 
integrated) indicators for the prediction of the output of a given collector and working temperature. 
The analysis has been divided into optical gains and thermal losses. For the gains, it has been shown 
that the main parameter affecting collector output is latitude, particularly at lower working temperatures. 
At higher temperatures, the effect of the reduced working hours, due to increases in heat losses, has to be 
taken into account.  
Regarding the losses, there is an excellent correlation between average temperature and thermal losses 
averaged power. The problem is that in order to know the average power, it is also necessary to estimate 
the working hours of the collector. 
It has been shown that both thermal efficiency and thermal losses can be correlated to the direct 
fraction and to the latitude. Therefore, a new contour chart, where iso-energy yield contours are plotted on 
the latitude – direct fraction plane, is suggested as a tool for the quick assessment of collectors. 
For the construction of the iso-energy-yield contours, it was shown that is possible to obtain 
correlations around 97.5% in all cases, except those where thermal losses were dominant. In those cases a 
correlation still exists but R2 drops to about 93%.  
The obtained results indicate that the latitude – direct fraction contour charts allow to estimate the 
annual energy yield of linear concentrator collectors, to a good approximation. Nevertheless, further work 
is required to determine if it is possible to extend those results to non-concentrating and low concentration 
collectors. 
References 
[1] C. Lauterbach, S.J. Rad, B. Schmitt, K. Vajen. Feasibility assessment of solar process heat. Proceedings of the SWC2011; 
2011 
[2] P. Horta, M. J. Carvalho, M. Collares Pereira, W.Carbajal. Long-term performance calculations based on steady-state 
efficiency test results: Analysis of optical effects affecting beam, diffuse and reflected radiation. Solar Energy 2008, Vol 82 issue 11 
p.1076-1082. 
 [3] G. Morin, J. Dersch, W. Platzer, M. Eck, A. Häberle. Comparison of Linear Fresnel and Parabolic Trough Collector power 
plants. Solar Energy 2012; Vol. 86 1:1–12 
[4] R. Pujol, V. Martínez. Optical Analysis of the Fixed Mirror Solar Concentrator by Forward Ray-Tracing Procedure. Journal 
of Solar Energy Engineering 2012; Vol 134, 031009:1-14 
 
 
